Abstract. Sarcoidosis and tuberculoid leprosy (TL) are prototypes of granulomatous inflammation in dermatology, which embody one of the histopathology limitations in distinguishing some diseases. Recent advances in the use of nonlinear optical microscopy in skin have enabled techniques, such as second-harmonic generation (SHG), to become powerful tools to study the physical and biochemical properties of skin. We use SHG images to analyze the collagen network, to distinguish differences between sarcoidosis and TL granulomas. SHG images obtained from skin biopsies of 33 patients with TL and 24 with sarcoidosis retrospectively were analyzed using first-order statistics (FOS) and second-order statistics, such as gray-level co-occurrence matrix (GLCM). Among the four parameters evaluated (optical density, entropy, contrast, and second angular moment), only contrast demonstrated statistical significance, being higher in sarcoidosis (p ¼ 0.02; 4908.31 versus 2822.17). The results may indicate insufficient differentiating power for most tested FOS and GLCM parameters in classifying sarcoidosis and TL granulomas, when used individually. But in combination with histopathology (H&E and complementary stains, such as silver and fast acid stains), SHG analysis, like contrast, can contribute to distinguishing between these diseases. This study can provide a way to evaluate collagen distribution in granulomatous diseases. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
Leprosy is an infectious and contagious chronic disease, caused by Mycobacterium leprae, an obligate intracellular bacillus that mainly affects skin, nerves, and mucous membranes. But it can also affect the eyes, noses, joints, lymph node, internal organs, and bone marrow, especially in multibacillary patients. 1, 2 Currently worldwide, more than 200,000 new cases of leprosy are detected annually, with India, Brazil, and Indonesia accounting for ∼80% of all new cases. 3 Brazil occupies second place in the world in absolute number of cases. In 2015, the detection rate was of 14.7/100,000 inhabitants, with 28,761 new diagnosed cases. 4 Unfortunately, even in endemic countries such as Brazil, leprosy diagnosis may be a major problem, with some areas presenting a mean delay in diagnosis of over two years. 5, 6 To make matters worse, in paucibacillary subtypes, such as tuberculoid forms of leprosy (TL) [characterized by tuberculoid granulomas on histology, Fig. 1(d) ], bacilli are infrequently found, even with deep sections. Polymerase chain reaction is limited in M. leprae DNA detection in the tuberculoid pole of leprosy, [7] [8] [9] and this type of mycobacterium cannot be cultivated in an artificial culture medium.
Not uncommonly, physicians have difficulty differentiating TL from sarcoidosis' cutaneous manifestation, because of their clinical and histological similarities. Sarcoidosis is an inflammatory disease of unknown etiology, characterized by sarcoidal or naked granulomas [ Fig. 1(a) ]. It mainly affects lungs, lymph nodes, and skin of people throughout the world, irrespective of age, gender, and race. The incidence averages from 3 to 50 cases per 100,000 among Europeans, 58 per 100,000 among West Indians, 14 per 100,000 among Asians, 10 and 10 to 40 cases per 100,000 persons in the United States. 11 TL should be treated with antibiotics association, whereas sarcoidosis with immunosuppression. Delays in initiating TL treatment may lead to disabling sequelae, which underscores the importance of distinguishing one from the other. Reticulin fibers are present in granulomas and make up a network that may be detected by silver stain. Their main component is type-III collagen, 12,13 but they also contain fibronectin, types I and V collagen, and the basement membrane components laminin and type-IV collagen. 13 Because reticulin fibers are usually scarce and fragmented in TL, 14 some authors hypothesize that the preservation of normal reticulin network within granulomas is consistent with sarcoidosis.
We previously studied 15 the reticulin fibers density inside the granulomas in TL [ Fig. 1(e) ] and sarcoidosis [ Fig. 1(b) ]. The median surface density of reticulin fibers was significantly higher in sarcoidosis. Nonetheless, using logistic regression, this variable did not discriminate one from the other.
For most diseases, histologic examination is still the "gold standard" for nosological diagnosis. Recent advances in the use of nonlinear optical microscopy (NLOM) in skin samples have enabled techniques, such as second-harmonic generation (SHG) to become powerful tools for studying the physical and biochemical properties of skin. 16 Utilizing SHG, phase matching of photons in noncentrosymmetric structures results in a scattering event in which two photons are combined into one photon at twice the frequency of the incident light. 17 SHG has been proven an ideal noninvasive tool for examining collagen microstructure, cellularity, and crosslink content in gels in both in-vitro models and biological tissue. 18 In animals, the collagen family represents the most abundant protein within the extracellular matrix. 19 Fibrillary collagens have a noncentrosymmetric structure that can be imaged using NLOM. Recently, SHG has also been used for investigating collagen fiber orientation and structural changes in healthy tissues, such as human dermis, 20, 21 corneas, 22 and within tumor microenvironment. 23 Many studies have successfully extracted quantitative texture information, such as gray-level co-occurrence matrix (GLCM), 24 from SHG images to evaluate collagen abnormalities. [25] [26] [27] We were unable to find information on the value of SHG for the study of granulomatous diseases or for evaluating reticulin fibers, which are composed mainly of type-III collagen. In this study, we measured optical density and GLCM parameters of SHG images, using ImageJ program, to compare collagen networks in sarcoidosis and TL granulomas.
Materials and Methods
We obtained approval for this research project from the Institutional Review Board of the local Research Institutional Ethics Committee (protocol #651.612), prior to acquiring data. In this analytic observational study, we collected data from patients with TL and sarcoidosis, respectively, who were treated at the Dermatologic Outpatient Center of the Unicamp Hospital from 1996 to 2016. The study inclusion criteria required a combination of clinical, laboratorial, and histopathological examinations and the absence of other granulomatous diseases, in addition to a compatible clinical course after treatment. Thirty-three patients with TL and 24 patients with sarcoidosis fulfilled the inclusion criteria. Ex-vivo paraffin skin samples were 5 μm sectioned and stained using the Hematoxilin and Eosin (H&E) and Gomori methods.
Image Acquisition by Nonlinear Optic
Multiphoton Microscopy SHG images were utilized to evaluate collagen organization within and around granulomas. Images were acquired with an inverted Z.1 Axio Observer microscope equipped with a Zeiss LSM780 NLO confocal scanning head (Carl Zeiss AG, Jena, Germany), located at the National Institute of Photonics Applied to Cell Biology. Samples were excited by a Ti:Sapphire laser (MaiTai, Spectra Physics, Santa Clara, California) with emission at 800 nm of wavelength and <100-fs pulses, using 40 × ∕1.3 numerical aperture (NA) objective. The laser system was equipped with an acousto-optic modulator (AOM) for laser power attenuation. We placed a broadband quarter wave plate (l/4-Newport) in the laser beam path, after the AOM and before the LSM780 scanning head, to have a circular polarized light to avoid anisotropies for different fibril's directions. A forward SHG signal was collected by the condenser lens (Carl Zeiss 0.55 NA-WD 26 mm) and acquired by a nondescanned detector (NDD) that is part of the Zeiss system. To avoid laser light detection, a 690 short-pass filter was employed. A filter cube with a dichroic LP405-nm wavelength (Semrock Di02-R405-25x36) and a bandpass filter with center wavelength of 390∕40 nm (Semrock FF01-390/40-25) were placed in front of the NDD detector to filter unwanted fluorescence light from the desired SHG signal. Calculated lateral and axial theoretical resolution were ∼280 and 880 nm. Average laser power was in the order of 10 mW at the sample, and all acquisition parameters remained equal in all images, with 512 × 512 pixels and 25.2 ms∕pixel during acquisition for reducing unwanted noise. To obtain a complete image of the granuloma, we acquired tile scans (512 × 512) that were stitched in larger mosaics.
Collagen Automatic Quantification
Collagen analysis was blindly performed using ImageJ (v1.45) software. Each SHG image was converted into 256 levels of gray, which were manually selected from four regions of interest (ROIs), superior, inferior, right, and left [Figs. 1(c) and 1(f)] 1212 μm 2 within and around the granuloma (imageJ). Since granulomas usually have a rounded or ovoid shape, we standardized the sites of collagen analysis, in all cases, in four different ROIs, so that it would be possible to obtain a more representative mean value of each granuloma analysis, instead of choosing just one random ROI. In each box, we calculated the optical density and texture features from the GLCM [contrast, second angular moment (SAM), and entropy].
The collagen density in images was calculated using optical density (the product of area and mean gray value). Changes in collagen fibril morphology were tracked by texture analysis of SHG images using first-order statistics (FOS) and second-order statistics such as GLCM. FOSs are parameters extracted directly from the original image and do not consider neighboring values, while second-order statistics are derived from a matrix (e.g., GLCM) which is built upon interpixel correlation of the original image, which in turn depends on the spatial arrangements of pixel intensities present in ROI. 28 
Statistical Analysis
Exploratory analysis was done through summary measures (mean, standard deviation, minimum, median, and maximum). The groups were compared by the Mann-Whitney test; we adopted 5% as the significance level.
Results
We studied 33 patients with TL and 24 with sarcoidosis. Clinical and histological data have been previously reported. 15 After SHG images acquisition, we concluded that a very scant signal could be detected inside the granulomas. Therefore, we decided to analyze solely the signal around them, choosing four ROIs per granuloma [ Figs. 1(c) and 1(f) ]. Subsequently, we used ImageJ software to quantify four parameters already established for collagen study (density, contrast, SAM, and entropy).
The collagen optical density was higher in sarcoidosis cases than in TL cases (Fig. 2) , but the results were not significant (p ¼ 0.06). Among the GLCM parameters, entropy and SAM values were similar, but contrast was significantly higher in sarcoidosis (p ¼ 0.02; 4908.31 versus 2822.17).
Discussion
Sarcoidosis and TL are prototypes of granulomatous inflammation in dermatology and together they embody one of the histopathology limitations in distinguishing some diseases. Granulomatous inflammation is a distinctive pattern of chronic inflammation characterized by aggregates of activated macrophages that assume epithelioid appearance. 29 These cells are firmly attached to one another, forming aggregates. Older granulomas may have a rim of fibroblasts and connective tissue. 29 Histologically, in TL, epithelioid granulomas are well defined with an evident rim of lymphocytes that secrete cytokines, responsible for continuing macrophage activation. They classically distribute around the appendages and nerves. In sarcoidosis, noncaseating epithelioid-cell granulomas are found, with randomly distributed scant lymphocyte rims. Nonetheless, these findings are not truly helpful for differential diagnosis, in view of the number of reported sarcoidosis cases first treated as TL and vice versa. [30] [31] [32] [33] SHG imaging analysis has proven to be useful in determining the directionality and organization of the fibrillary collagen in the skin, in both health and disease. As far as we could ascertain, there are no English-language studies on granulomatous diseases using SHG.
The methods described to study extracellular matrix and tissue collagen organization on histological sections vary. Masson's trichrome and picrosirius red on bright field or polarization microscopy are most commonly used. 34 However, these methods require multiple steps of tissue processing (while SHG image, even with some limitations, can be obtained from H&E-stained specimens), and such sample preparations can lead to undesirable morphological alterations in extracellular matrix. 35 Furthermore, SHG signals arise from induced polarization rather than from absorption, leading to substantially reduced photobleaching and phototoxicity relative to fluorescence methods. 36 Morphometry may be carried out with the aid of an eyepiece cycloids grid coupled with an ocular lens or through the use of virtual cycloids (ImageJ), but this is a time-consuming procedure. 15 With the help of a computer and dedicated software tools, automatic quantification provides faster results on thickness and quantity of collagen fibers. On the other hand, SHG microscopy allows increased imaging penetration depths and enhanced axial depth discrimination images in the study of texture and orientation study of collagen. 27 Additionally, since granulomatous inflammation can give rise to changes in the assembly of collagen and, consequently, constrain conventional optical microscopy, it is precisely the increase in collagen's overall asymmetry that allows SHG to be a direct sensor of supramolecular structure. For example, Nadiarnykh et al. 37 have demonstrated that SHG can reveal differences in the collagen morphology unable to be detected by other optical methods, when analyzing connective tissue disorder "Osteogenesis Imperfecta," characterized by abnormal collagen assembly. Therefore, SHG imaging is an attractive alternative to conventional histology for studying tissue composition and visualizing the molecular structure of collagen due to its label-free nature, high sensitivity, and specificity. 38, 39 The amount of signal produced by many sources of SHG is dependent on the polarization state of the incident laser light, relative to scattering due to the molecular structure. 40, 41 This nonlinear process is also sensitive to phase-matching properties, 36 local anisotropy, and distribution of molecular hyperpolarizabilities, 42 and it depends on the angle between the collagen fiber and the imaging plane. Moreover, in a collagenous tissue, the overall signal is predominantly propagated in the forward direction, compared to an isolated individual fiber that may radiate SHG signal both forward and backward. 18 To excite all fiber orientations equally, we used quarter wave plate to generate a circular polarized beam that can generate a uniform excitation in all fiber directions (both parallel or perpendicular collagen fibers), and enabling detection of the signal generated from all fibers within the tissue, independent of their orientation.
SHG imaging has already been used in the analysis of fresh biopsies, cryopreserved tissues, in-vivo and H&E-stained specimens. In contrast to hematoxylin, eosin accumulates in the cytoplasm and extracellular matrix, and has been reported to contribute to emission signaling in fluorescence lifetime imaging microscopy and multiphoton microscopy. 43 In a study where the acquisition of nonlinear images from H&E-stained sections before and after a de-staining protocol was evaluated by Monaghan et al., 44 it was concluded that, although the multiphoton emission signals were significantly increased, most likely due to the presence of residual eosin in the tissue sections, SHG signaling was not significantly affected by the histological dyes after all. It is important to point out that multiphoton microscopy and irradiation with ultrashort lasers can produce physical damage, especially photodamage in unstained cells. 45 In addition, Galli et al. 46 concluded that the fluorescence increase induced by photodamage is a process common to in vivo, fresh, and ex-vivo tissue. Although long acquisition times can possibly impact on photodamage, since it is a comparative study, a standardization of the parameters for both groups could minimize this limitation.
Originally, we aimed to compare (1) SHG signal measurement inside the granuloma, to evaluate the reticulin fibers density and texture (examined in our first study through morphometry in silver-stained sections), since reticulin fibers are mainly composed of type-III collagen, and (2) collagen fiber density and texture around granulomas. However, we found that SHG signal inside granulomas was very tenuous and sometimes even absent [ Figs. 1(c) and 1(f) ]. This is because reticulin fibers are also composed of other elements, such as fibronectin and laminin, which may not be detected by SHG. Also, since nonfibrillary collagens do not form centrosymmetric structures, and therefore, cannot be demonstrated by SHG, 18 we envisage that collagen may experience modifications in its fibrillary structure inside granulomas. Accordingly, we evaluated SHG signal around each granuloma in four ROIs (superior, inferior, right, and left), in three different images per sample. The final data corresponded to the mean of all these values. Many SHG imaging studies solely describe collagen organization, but we believe it is important to seek correlations between SHG images and pathology by means of quantifiable measures for objective comparison. One possibility is to quantify image intensity by pixel-counting techniques or by measuring image texture from GLCM using ImageJ software. The mean density provides measures of the overall lightness/ darkness of the image and can be associated to the amount of collagen fibers, which is proportional to the detected SHG signal. 18 Since SHG signal also depends on the thickness of nonlinear medium, and this may complicate interpretation of mean density, all ex-vivo paraffin skin samples were 5 μm sectioned and stained using the H&E.
GLCM analysis is a widely used texture analysis method developed by Haralik et al. 24 GLCM is performed by counting the number of occurrences of a gray level adjacent to another gray level, at a specified pixel distance and direction. The result is a matrix with rows and columns representing gray levels and elements containing the probability of the gray-level co-occurrence. High contrast occurs when an image has a high number of pixel pairs with large differences in gray level occurring at the specified separation and orientation. Entropy is a textural parameter and has been associated with the degree of fiber organization, and therefore, can be very useful for the characterization of several types of tissues and conditions. 47 SAM is highest in images with uniform gray level or uniform gray-level differences at the specified separation and lower for those with more variation in gray levels.
Analogous to the reticular fibers density, we expected to find a higher collagen density in sarcoidosis cases. In fact, the mean density in the latter was superior (3523.59 versus 2459.59), but the values were not significant (p ¼ 0.06), perhaps because of limited sample size.
Entropy measures the lack of spatial organization inside the computational window. Entropy is usually high in a rough texture and low when the texture is more homogeneous or smooth. 35 We expected a lower entropy value in sarcoidosis cases supported by the presence of thicker and better-defined collagen fibers inside and around their granulomas compared to the TLs. However, the mean entropies of TL (6.17) and sarcoidosis (6.51) were similar (p ¼ 0.34).
The energy feature is sometimes referred to as the SAM or uniformity of GLCM. The lowest value of energy is attained when there are no dominant gray levels. Most gray levels are equally probable. It is expected that GLCM SAM would change for different collagen morphologies because collagen width and spacing affect the transition of gray levels across the image. 35 We thought we would obtain a lower average of SAM in TL cases because their fibers are thin and fragmented, causing higher variation in gray levels when moving across the image. We indeed had a lower SAM mean in TL (0.09) than in sarcoidosis (0.12) but without statistical significance.
Among the four parameters analyzed, only contrast presented statistical significance (p ¼ 0.02), higher in sarcoidosis than in TL (Fig. 2) , to wit: in sarcoidosis, collagen around granulomas presented a greater number of pixel pairs with large differences in gray level. A previous study 15 demonstrated that the presence of fibrosis in skin dermis is a predictive histologic finding for sarcoidosis diagnosis instead of TL. Because of the higher fibrosis around granulomas in sarcoidosis, the collagen fibers surrounding them may be thicker and more irregular in shape, size, and length, presenting a more heterogeneous gray-level acquisition. In addition, in TL cases [ Fig. 1(e) ], reticular fibers appeared to be thinner and in less quantity around granulomas, when compared to sarcoidosis [ Fig. 1(b) ]. Since SHG weakly captured reticulin fibers, perhaps higher reticulin fibers density between thicker collagen fibers in sarcoidosis is a factor which contributes to higher contrast in GLCM analysis.
In summary, these results indicate insufficient differentiating power for most tested FOS and GLCM parameters in distinguishing sarcoidosis from TL granulomas, when used individually. But in combination with histopathology (H&E and complementary stains, such as silver and fast acid stains), contrast parameter of SHG analysis can be an additional element to enhance the summation of features that may be required to assist in disease distinction. In the initial stages, this method provides a better understanding of the changes in the distribution of collagen around the granulomas of both diseases. Finally, this study may provide a method of evaluating collagen distribution not only for sarcoidosis or TL, but also in other granulomatous diseases.
Conclusion
SHG microscopy is a powerful tool for examining biological tissue. In this study, we highlighted the capability of nonlinear microscopy for dermatological imaging, which helps to distinguish two diseases that sometimes appear identical when using traditional linear optical microscopy examination. In a clinical setting, SHG has been used to evaluate collagen structure, in conjunction with in-vivo noninvasive tools, among a number of dermatological diseases. Perhaps in the near future, this may also be useful for other granulomatous diseases.
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